Abstract. We review recent results regarding entanglement in quantum fields in cosmological spacetimes and related phenomena in flat spacetime such as the Unruh effect. We being with a summary of important results about field entanglement and the mathematics of Bogoliubov transformations that is very often used to describe it. We then discuss the Unruh-DeWitt detector model, which is a useful model of a generic local particle detector. This detector model has been successfully used as a tool to obtain many important results. In this context we discuss two specific types of these detectors: a qubit and a harmonic oscillator. The latter has recently been shown to have important applications when one wants to probe nonperturbative physics of detectors interacting with quantum fields. We then detail several recent advances in the study and application of these ideas, including echoes of the early universe, entanglement harvesting, and a nascent proposal for quantum seismology.
Introduction
It is a rather alarming fact that nearly all of the energy of the universe is so-called dark energy-i.e., energy of an unknown nature that is nevertheless driving an unabated and accelerating expansion of space and everything in it [1, 2] . Furthermore, even considering just the matter content of the universe, the vast majority of it is unexplained, as well. Measurements of the deuterium-hydrogen ratio in interstellar absorption, together with some theoretical models of cosmological nucleosynthesis, have provided evidence that unspecified, non-baryonic matter accounts for an astounding 80% of the matter content of the universe [3] . The nature of this cold dark matter cannot be explained exclusively with standard-model neutrinos [4] nor do recent results in experimental particle physics from the Large Hadron Collider [5, 6, 7, 8, 9] seem to shed any light on the matter.
With the vast majority of the universe being of unknown origin and driving its own accelerating expansion, we are further stymied by the fact that we do not fully understand the nature of the quantum field responsible for the inflation period in the very early universe [10] . Nevertheless, the BICEP2 experiment has recently claimed discovery of the signature of primordial gravitational waves imprinted onto the polarization of the cosmic microwave background (CMB) [11] . If confirmed in further experiments, this would constitute the first experimental discovery of primordial gravitational waves corresponding to quantum fluctuations of the metric itself. This would also constitute the second indirect observation of gravitational radiation. Indeed gravitational waves have not been observed as of the publication of this review, and we only have indirect proof of their existence through their effects on the orbital dynamics of binary pulsars [12] . Furthermore, we still have a long way to go before relativity can be successfully married to quantum field theory in a full theory of quantum gravity-i.e., one that necessarily includes the backreaction of quantised matter on spacetime.
In the limit where this backreaction is negligible, quantum field theory in curved spacetime is the most complete theory so far [13, 14] . Cosmological spacetimes provide a useful class of all curved backgrounds on which to study the behaviour of quantum fields since they are important throughout the entire life cycle of our universe, from inflation to recombination to dark energy-fueled expansion. Furthermore, even flat (Minkowski) spacetime provides a useful testbed for quantum fields in the low-curvature limit, which can still reveal interesting phenomena such as the Fulling-DaviesUnruh effect [15, 16, 17, 18] (often called just the Unruh effect) for accelerating observers. This effect, which results in accelerating observers detecting thermal radiation in the Minkowski vacuum [17] , is mathematically related to an analogous effect in exponentially expanding (de Sitter) spacetime: the Gibbons-Hawking effect [19] , which predicts a similar detector response due to the transient effects of an expanding universe.
In this article, we explore these effects from the perspective of quantum entanglement and relativistic quantum optics. We start with a brief review of the basic mathematical formalism in QFT in curved spacetimes. Then we review recent results that discuss the entanglement naturally occurring in a quantum field and produced during the expansion of spacetime. We also discuss closely related phenomena in the context of the Unruh effect for accelerating observers. Special attention is payed to the role of particle detectors and their ability to harvest entanglement from the underlying quantum field both in flat and cosmological spacetime backgrounds. We choose an Unruh-DeWitt detector model because of its ubiquity in the literature and because recent results show that using a harmonic oscillator (in place of the more usual qubit) as the local quantum system allows one to do nonperturbative analysis of detector behavior when interacting with free fields. This powerful technique opens the door to new results and possible practical applications, including a speculative proposal for quantum seismology using a technique known as entanglement farming. Furthermore, we discuss recent results suggesting how detectors today could, in principle, 'hear the echo' of quantum-gravity features of the Big Bang and the early Universe.
2 Bogoliubov transformations: Useful mathematical tools for quantum field theory in curved spacetimes
Non-inertial observers of quantum fields in flat spacetime
In quantum field theory, different observers define different natural quantization schemes. In flat spacetime, all the quantization schemes corresponding to inertial observers are equivalent (they would all agree on what the field vacuum is). This is not true in general. Indeed, different geodesic observers in general spacetimes do not necessarily agree on what the vacuum of a quantum field theory is.
Even for the simple case of a scalar quantum field on flat spacetime, there are non-trivial differences between observers in different kinematic states. For instance, it is well-known that accelerated observers would not agree with inertial observers in their definition of the vacuum. To illustrate this and as a convenient introduction, we will briefly carry out a flat spacetime scalar field quantization for two different class of observers of a quantum field, inertial and constantly accelerated.
To deal with uniformly accelerated observers, we introduce Rindler coordinates (τ, ξ) [20] , which are the proper coordinates of an observer moving at constant acceleration a. The correspondence between the proper coordinates of a stationary observer (chosen w.l.g. at rest) (t, x) and the proper coordinates of an accelerated observer (τ, ξ) is ct = ξ sinh aτ c , x = ξ cosh aτ c ,
where, we have made c explicit ‡. Directly from (1) we see that trajectories of observers with constant acceleration correspond to ξ = const.. These trajectories are hyperbolae whose asymptote is the light cone (as the observer accelerates his velocity tends to the speed of light). By choosing a particular value of the parameter a in (1) we are specifying the particular observer for which these coordinates correspond to his proper frame. To find this observer's Rindler position ξ we can use that all Rindler observers are instantaneously at rest at time t = 0 in the inertial frame, and at this time a Rindler observer with proper acceleration a -and therefore, proper coordinates (ξ, τ )-will be at Minkowskian position x = c 2 /a. On the other hand, at this point t = 0 ⇒ ξ = x instantaneously so, consequently, the constant Rindler position for this trajectory is ξ = c 2 /a.
II I
One can easily see that for eternally accelerated observers, an acceleration horizon appears: Any accelerated observer would be restricted to either region I or II of spacetime as per Fig. 1 .
Indeed, a quick inspection reveals that the Rindler coodinates defined in (1) do not cover the whole Minkowski spacetime, but only the right wedge (Region I in Figure 1 ). In fact to map the complete Minkowski spacetime we need three more sets of Rindler coordinates, ct = −ξ sinh aτ c , x = −ξ cosh aτ c ,
for region II, corresponding to an observer decelerating with respect to the Minkowskian origin, and ct = ±ξ cosh aτ c , x = ±ξ sinh aτ c
where only the time dependence has been made explicit. The label M just means that these states are expressed in the Minkowskian Fock space basis.
The field expanded in terms of these modes takes the usual form
where the sum is shorthand notation for an integral over a suitable measure of field mode frequencies. Here, we have eliminated redundant notation and M denotes that u M ωi and aω i,M are Minkowskian modes and operators. An accelerated observer can also carry out a canonical quantization procedure in his own right, and thus define his own vacuum and excited states of the field. Actually, for constantly accelerated observers, there are two natural vacuum states associated with the positive frequency modes as defined by them with support in regions I and II of the flat spacetime. These are |0 I and |0 II , and subsequently we can define the field excitations for Rindler observers with proper coordinates (ξ, τ ) as
These modes are related by a spacetime reflection and only have support in regions I and II of the spacetime respectively. Despite being limited to the left and right wedges, these modes nevertheless suffice as a complete set of solutions of the Klein-Gordon equation in Rindler coordinates because they are complete on a Cauchy hypersurface (e.g., t = 0). Therefore, we can now expand the field (5) in terms of these modes:
Expressions (5) and (7) are exactly equal and therefore Minkowskian modes can be expressed as function of Rindler modes by means of the Klein-Gordon inner product,
where dΣ is the volume element and n µ is a future directed timelike unit vector that is orthogonal to Σ. Because the left and right Rindler modes together are complete, we can expand u M ωj in terms of them:
Taking the Klein-Gordon inner product of this with u Σ ωj and also with u Σ * ωj , with Σ ∈ {I, II}, allows us to extract the Bogoliubov coefficients,
where we have used the properties of the Klein-Gordon inner product, (u j , u k ) = δ jk = −(u * j , u * k ) and (u j , u * k ) = 0. Now, we would like to know how the creation and annihilation operators in the Minkowski basis are related to operators in the two Rindler bases. Since we know that aω i,M = (φ, u M ωi ), if we write φ in Rindler basis (7) we can readily obtain
which, using again the properties of the KG product,
allows us to readily write (11) in terms of the Bogoliubov coefficients (10) as
Completely analogous reasoning can be followed for the case of a Dirac field, with some subtleties that are partially discussed in [21, 22, 23] .
To obtain the form of the Minkowskian vacuum in the Rindler basis, we have to demand that (13) (the Minkowskian annihilation operator) annihilates the vacuum for all ω i . This in turn implies that the right-hand-side of (13) has to annihilate the Minkowski vacuum in the Rindler basis. It is straightforward to see that the Rindler basis representation of the Minkowskian vacuum has to be a Gaussian state [24] . Assuming this ansatz and demanding that the r.h.s of (13) annihilates the Minkowski vacuum we obtain an infinte number of recursive equations that, together with the normalization condition, allows us to find the exact form of the state in terms of the Bogoliubov coefficients. These coefficientes will be continuous linear combinations of Rindler annihilation and creation operators for all Rindler frequencies. All this imposes that the vacuum state has to be a tensor product of two-mode squeezed states for every Rindler frequency [25, 26, 24] .
After all this algebra, one finds that the Minkowskian basis can be expressed as a two mode squeezed state in the Rindler basis [27, 24] . Namely, for the scalar case considered in this introduction
where §
The Unruh effect
In the 1970s, Fulling, Davies and Unruh realised that the impossibility of covering the whole of Minkowski spacetime with only one set of Rindler coordinates has strong implications when accelerated and inertial observers describe states of a quantum field. Namely, the description of the vacuum state of the field in the inertial basis as seen by accelerated observers has a non-zero particle content.
In very plain words, the Unruh effect is the fact that while inertial observers 'see' the vacuum state of the field, an accelerated observer would 'see' a thermal bath whose temperature is proportional to his acceleration. Different approaches to this well-known effect can be found in multiple textbooks (let us cite [14, 28, 24] as a token). Nowadays, the use of particle detectors is the preferred way to show the Unruh effect [29] , this allows us to escape the common caveats of derivations based on the direct analysis of the quantum field.
However, in this section, we will provide a different rather simple derivation of the effect in a way that will be useful in order to clearly present a feature of spacetime with horizons which turns out to be relevant when it comes to study entanglement.
Let us consider that an inertial observer, Alice, is observing the vacuum state of a scalar field. Now assume that an accelerated observer, called Rob, wants to describe the same quantum field state by means of his proper Fock basis. One way to find Rob's description of the field is to find the change of basis from the Fock basis build from solutions to § The label b stands for 'bosonic', this parameter has a different definition for fermionic and bosonic fields [21] .
the Klein-Gordon equation in Minkowskian coordinates (4) to the Fock basis build from solutions of the KG equations in Rindler coordinates (6) . This gives us equation (14) which we presented in the section above.
Of course, (14) is a pure state. However, the eternally accelerated observer is restricted to region I (or II) of spacetime due to the presence of an acceleration horizon (as shown in Figure 1) , and, since both regions are causally disconnected, Rob has no access to any degrees of freedom which have support in the opposite spacetime wedge, which have to be traced out from his quantum state description. This means that the quantum state accessible for Rob is no longer pure,
Substituting |0 ω by its Rindler basis expression (14) we obtain
which is a thermal state.
Indeed, if we compute the particle counting statistics that the accelerated observer would see we obtain
which is a Bose-Einstein distribution with temperature
the so-called Unruh temperature.
Rob observes a thermal state because he cannot see modes with support in region II due to the presence of an acceleration horizon. Curiously, the essence of this effect persists even if there is, strictly speaking, no horizon for the observer-for instance, in the presence of a reflecting boundary condition at the origin [30] . The presence of a horizon as described above, however, allows for an exactly thermal response.
Bogoliubov transformations and particle production in asymptotically stationary spacetimes and in cosmology
The analysis carried out in the previous subsection assumed that the spacetime is stationatry and therefore possesses a global time isometry. In general, this treatment would not be possible in the absence of a global timelike Killing vector. However, there are some scenarios in which the spacetime is not stationary but possesses stationary asymptotic regions. This is the case, for example, of some models of expansion of the universe [31] or the stellar collapse and formation of black holes [24] . For the sake of completeness will summarise in this subsection the analysis detailed in [32] .
Consider a spacetime that has asymptotically stationary regions in the far past and in the far future. We denote them 'in' and 'out' respectively. In these regions it is possible to ascribe a particle interpretation to the solutions of the field equations. Namely, we can build two different sets of solutions of the field, the first one {u in kj } consisting of modes with positive frequencyω j with respect to comoving time in the asymptotic past. The second set {u out kj } consisting of modes with positive frequency ω j with respect to comoving time in the asymptotic future. In this fashion we can expand the quantum field in terms of both sets of solutions
Now, since both set of modes are complete, we can expand the particle operators associated with one basis in terms of operators of the other basis [32, 24] :
Note that thermal noise is only observed in the 1+1 dimensional case. In higher dimension Rob would observe a noisy distribution, very similar to a thermal one, but with different prefactors [27] . This is called the Rindler noise. 
It is relatively straightforward to prove (See [32] ) that this condition implies that the 'in' vacuum can be written in terms of 'out' modes as
This is a Gaussian state and C is given by the normalization condition. Notice that this state is, in general, not separable. This means that, depending on α ij and β ij , the final state of the field can possess nontrivial quantum correlations.
Similar to what we did in the small subsection about the Unruh effect, we could compute here the expectation value of the number operator in the asymptotic future with respect to the 'in' vacuum, finding
This implies that if β ij is different from zero, one would observe particle production as a consequence of the expansion. Now, as a relevant particular case, let us consider a universe undergoing a homogeneous and isotropic expansion, which is very well described in terms of the Friedmann-Lemaître-Robertson-Walker (FLRW) metric,
where dΣ is an element of a 3-dimensional space of uniform curvature, either elliptical, hyperbolic, or Euclidean, this is,
where dΩ is the line element in the unit sphere and k characterises the curvature of the space (negative, zero, or positive for hyperbolic, Euclidean, or elliptical, respectively). We will consider that the spatial geometry is Euclidean (k = 0), so we can write this metric as
Even if the spatial geometry of the universe is not exactly Euclidean, all evidence seems to indicate that the spatial curvature is close enough to zero to place the radius at approximately the horizon of the observable universe or beyond, so this consideration seems reasonable.
As discussed above, when a non-stationary spacetime possesses asymptotically stationary regions, it is possible to compute expectaiton values of observables in the asymptotic future by knowing the field state in the asymptotic past, which enables us to compute the field quanta creation due to the gravitational interaction. This is the case for the FLRW spacetime, Eq. (28), if we impose the additional conditions
Although measurements of distant supernovae have demonstrated that our universe is undergoing an accelerating expansion, to good degree of approximation, certain models fulfilling Eq. (29) can serve as approximations to some inflationary scenarios. Concretely, they can be rough approximations to a period of slow expansion, then a period of very fast expansion, and then again a period of slow expansion.
As can be seen from Eq. (22) , computing the analytic form of the particle operators in the asymptotic future in terms of the operators in the asymptotic past is generally not trivial. There are, however, some particular solvable toy models that allow for the study of fundamental phenomena in this kind of spacetime. These include some scalar models [28] and spin-1 2 fermionic models [31] . To illustrate this, let us revisit the scalar field case within an exactly solvable model in 1+1 dimensions analyzed in [32] .
Let us consider the FLRW metric Eq. (28) and rewrite it in terms of the conformal time coordinate
This yields,
Following the usual notation, we define C(η) = [a(η)] 2 . We now assume the following specific form for the conformal factor:
where and ρ are positive real parameters characterising the total volume and rapidity of the expansion, respectively. Imposing this particular form for the conformal factor makes it simple to tackle the problem analytically, while at the same time allows us to study the fundamental behaviour of the particle creation phenomenon as a function of the rapidity of the expansion and its total volume.
It is interesting to note that for large the FLRW metric with this conformal factor behaves, for 0 < t ρ −1 , like the radiation-dominated Friedman universe, with an exponentially fast approach to asymptotic flatness for t ρ −1 . As mentioned above, we can consider this as a convenient way to approximate a spacetime that is asymptotically flat in the past and future but undergoes rapid inflation in between. The asymptotic flatness at each end allows us to define different but physically meaningful particle states for the asymptotic past and future. Note that this example is analytically solvable only for the scalar field. The same C(η) does not provide an analytically solvable model in the fermionic case, which will be discussed in Sec. 4.2.
We label the mode solutions to the Klein-Gordon equation in the asymptotic past as u in k (x, η) and those in the asymptotic future as u out k (x, η). The two are connected by a Bogoliubov transformation that only mixes modes of the same k:
The reader is referred to Refs. [13, 32] for details of this derivation. ¶
The fact that the Bogoliubov transformation only mixes modes of the same momentum is not related to the particular expansion model choice in Eq. (32), nor to the dimension of the spacetime considered. Rather, it is a consequence only of the conformal symmetry (up to mass terms in the minimal coupling scenario) of the theory and the conformal flatness of the metric. This conformal equivalence relates the equation of motion in the FLRW scenario to its flat-spacetime form. This means that the general form of the Bogoliubov transformation Eq. (33) is valid for any FLRW universe with sufficiently well-behaved scaling factor and minimally coupled field, where Eq. (29) is fulfilled [31] .
From Eq. (25) we see that the average number of particles in the asymptotic future when the field was prepared in the vacuum state in the past is
This can be interpreted as the creation of quanta in the mode k of the field as a consequence of the spacetime expansion. Notice that when m = 0, ω in = ω out , which means that |β k | = 0, and no particles are present in the asymptotic future. This is because, in the particular case of two spacetime dimensions, for m = 0, the theory is also conformally invariant. We will analyze this case in more detail.
From a general perspective, Hilbert-Einstein action of a scalar field in a curved spacetime of dimension D, takes the form
whose associated equation of motion is
ξ is the coupling of the field to the Ricci curvature scalar R. The case where ξ = 0 is called minimal coupling. There is a particular value of this coupling strength which is of great interest in cosmological scenarios given that the FLRW metric is conformally flat: conformal coupling.. term, the derivatives in the kinetic term (if Ω is not constant), and the coupling to the curvature term [32] . In the massless case, we can always choose the coupling to the curvature such that the action becomes conformally invariant-namely,
Where D is the spacetime dimension. This is the so-called conformal coupling. In two spacetime dimensions, we see that if m = 0 the minimal coupling ξ = 0 gives conformal invariance of the action, so it coincides exactly with the conformal coupling. In contrast, in four spacetime dimensions, we require m = 0 and ξ = 1/6 to have a conformally invariant action.
Under conformal symmetry of the action, if Φ is a solution of the conformally transformed equation, then Φ = ΩΦ will be a solution of the original equation [32] .
The FLRW metric from Eq. (28) happens to be conformally flat, as it is explicitly displayed when written in terms of the conformal time η
This allows us to use the conformal symmetry to find the form of the solutions to the KG in the FRLW background:
where we have defined ω(t) = |k|/a(t). u k are positive frequency solutions at early times, so the field admits the expansion
But u k are also positive-frequency solutions at late times, so the field also admits the expansion
In this case, the Bogoliubov transformation is trivial, and a ki,out = a ki,in , so that the early-and late-time vacua are the same.
In conclusion, under conformal symmetry the concept of particle is well-defined at all times, and there is therefore a natural choice for the vacuum state [33, 34, 35] , which is called the conformal vacuum [28, 33] . As an obvious consequence, the Bogoliubov coefficients β k = 0 for all k, so no particles are created in the massless conformally coupled field case. Hence, if the field is prepared in the conformal vacuum in the asymptotic past, the expansion will not create any particles in the asymptotic future either.
Nevertheless, it would not be completely correct to assert that there is no particle creation due to the expansion of the universe insofar as we suscribe to Unruh's definition of particle as "what particle detectors click for". As we will see in the next section, a comoving particle detector can nevertheless 'click' in this conformally symmetric scenario.
3 Particle detectors in curved spacetimes: perturbative and non-perturbative analysis
The Unruh-DeWitt (UDW) model of particle detectors
Particle detector models, such as the Unruh-Dewitt model, have been used since their inception to quantify the particle content in a given state of a quantum field as seen by a localised observer [17, 36, 28, 14, 29] ; to harvest the entanglement of the vacuum state of a quantum field [37, 38] ; in metrology settings [39, 40, 41, 42, 43] ; to analyze the decoherence effects of relativistic trajectories [44, 45] , to propose schemes of universal quantum computing via relativistic motion [46, 47] and to set up scenarios of quantum communication in the relativistic limit [48] . Considering a localised point-like quantum system coupled to the field as a particle detector has the advantage that we can associate every detector with a particular 'observer' who is moving through the spacetime.
Particle detector models were introduced by Unruh [17] to give a more physical approach to the results by Fulling [15] and Davies [16] on the effects of acceleration on the observed state of a quantum field for field modes. Unruh showed that the effect is real and felt by a local particle detector [17] . He used two different models: (1) a particle in a box coupled to a scalar field and (2) two quantum fields, one heavier than the other, whose interaction is mediated by the external field.
The purpose of these two alternatives was to show that the results obtained for the semiclassical model of a particle in a box displays the same phenomenology as a fully second-quantised model. Shortly thereafter, DeWitt [49] discussed that only the two lowest energy levels of the particle in a box were really necessary to see the relevant phenomenology, and nowadays a qubit is most commonly used as the system serving as the semiclassical detector in what is known as the UDW model. This model, whose applicability relies heavily on the existence of a perturbative approach, will be briefly reviewed in Sec. 3.2. More recently it was shown that in the case of free bosonic fields, we can obtain nonperturbative solutions for the behavior of particle detectors by adding back additional levels to the detector-but as a harmonic oscillator instead of the original box [17] . This lets us model the evolution as symplectic transformations on phase space, allowing for nonperturbative probing of detector-field interactions. This powerful new technique is reviewed in Sec, 3.3.
Qubit-based Unruh-DeWitt detectors
The detector model consists of a two-level quantum system with a scalar field. In its simplest form, this is a point-like particle detector whose interaction Hamiltonian with a scalar field φ(x) is
where λ is the coupling strength, τ is the proper time of the detector, χ(τ ) is some appropriate switching function describing the time-dependent coupling of the detector to the field, µ(τ ) is the monopole moment of the detector, and φ[x(τ )] is the field operator evaluated along the worldline of the detector. The detector being a two-level quantum system, the monopole momentum operator can be written in terms of qubit ladder operators σ + and σ − . We can choose to expand the field operators in terms of positive-and negative-frequency solutions of the Klein-Gordon equation in a given quantization frame (x, t): u k (x, t) and u * k (x, t), yielding the interaction picture Hamiltonian
where Ω is the energy gap between the ground and excited state of the detector.
The Unruh-Dewitt model is, by construction, simple but it encompasses the fundamental features of the light-matter interaction when transitions between two atomic levels where no orbital angular momentum exchange occurs [50, 51] . A series of further approximations (single-mode and rotating-wave) carried out on the UDW detector model yields the Jaynes-Cummings model, which is commonplace in quantum optics as a phenomenological model of light-matter interaction [52] . Additionally, the UDW detector is a powerful effective model in superconducting-circuit QED [53, 54] .
It is well-known that an accelerated Unruh-DeWitt detector has a thermal response [28] , a result that is very robust under small perturbations of the trajectory or imposition of finite boundary conditions [55, 56, 57] . In comsological contexts, it is also well-known that if we consider a single UDW particle detector in a de Sitter universe coupled to a quantum scalar field in the conformal vacuum [13] , at the first order in perturbation theory and for long interaction times χ(τ ) ≈ 1, the response function of such detector is [28] 
which is nonzero in general. Hence, a comoving detector will click even if the state of the field is the conformal vacuum. A paradigmatic example of this is the de Sitter universe, in which a comoving detector gives a thermal response [58] . The characteristic temperature of the detected particle statistics is known as the Gibbons-Hawking temperature and is proportional to the expansion rate. Notice that despite the lack of particle creation (in the asymptotic sense) in the conformal vacuum, particle detectors nevertheless click due to the transient effects of expansion.
Non-perturbative particle detectors
Although the Unruh-DeWitt model has been very successful in dealing with problems related to the particle content of quantum fields and the harvesting of field entanglement, its main shortcoming is that almost all the work based on such detectors so far has been limited to perturbation theory. This limitation rendered the model unsuitable to study problems in which a perturbative expansion is not a good approximation. These include strong coupling, long times and high-average-energy exchange processes.
Recently, two groups proposed modelling a detector as a quantum harmonic oscillator rather than as a qubit [59, 60] . In other words, the authors simply replace two energy levels with infinitely many evenly-spaced levels. The use of such model has been proposed before in other contexts [61, 62, 63, 64, 65, 66] . Considering this detector instead of a qubit detector is not a downgrade of the model. Qubits are, in many cases, just approximations to systems with many more levels. For example, most symmetric potentials in nature can be approximated by a harmonic potential for low energies, so a harmonic-oscillator detector can model a wide range of different detector systems, from atomic electromagnetic levels to the molecular vibrational spectrum.
Although both Ref. [59] and Ref. [60] make use of the fact that Gaussian unitary operations act via symplectic transformations on phase space, the two approaches differ in the details of their implementation. In Ref. [60] , the symplectic dynamics are expanded in terms of the symplectic algebra, which results in an implementation that has a minimal number of terms and thus a minimal number of differential equations to solve. In Ref. [59] , on the other hand, the authors represent the dynamics using the full matrix representation of the symplectic transformation, which includes some redundancy in the representation of the dynamical objects-and thus more differential equations to solve. It has the distinct advantage, however, that the equations to be solved are always linear, first-order, ordinary differential equations. In the rest of this section, we describe the techniques of Ref. [59] in detail since these techniques have already proven useful for practical calculations [59, 38, 55, 67] , and we refer the reader to Ref. [60] for details of the alternate method, which may yet prove to be advantageous in certain scenarios.
The idea of using harmonic oscillators in relativistic quantum field theory as particle detectors to obtain nonperturbative results was first explored by Bei-Lok Hu and collaborators, who reported interesting analytical results in [64] . Along with its considerable technical accomplishments, this approach emphasised that the Unruh effect is not reliant on gravitational or geometrical arguments but can be understood as a dynamical effect insofar as it indicates how the quantum vacuum affects the response of a detector contingent on its motion. In general, a detector detects field quanta with a nonthermal spectrum, where the degree of nonthermality is governed by the parameter that measures the deviation from uniform acceleration [68] . However the practical scope of this approach remains to be seen-thus far it has been limited to very concrete problems in relativistic quantum theory [69, 70, 71] due to their complexity and the number of assumptions and approximations required to obtain quantitative results.
The main development in [59] is the use of the symplectic formalism for Gaussian states and operations [72] applied to generally time dependent multimode scenarios. In doing so, the authors prove that the quantum evolution of relativistic particle detectors coupled to quantum fields can be solved nonperturbatively. Many of the scenarios of interest in relativistic quantum theory involve quadratic Hamiltonians and Gaussian states (vacuum, thermal states, squeezed states, etc.), making this formalism widely applicable.
In particular, the authors show how this approach can be used to compute the full time evolution of systems of detectors coupled to quantum fields in cavity settings for (i) arbitrary time-dependent trajectories and spacetime backgrounds; (ii) arbitrary quadratic, time-dependent interaction Hamiltonians and boundary conditions; (iii) arbitrary Gaussian initial states of the field modes and detectors; (iv) any number of detectors; all beyond the limitations of perturbation theory. With this formalism, it is possible to overcome causality violation problems of single (or few) mode approximations for detectors undergoing general trajectories [73, 48] . The results in [59] are devoid of faster-than-light signalling, unlike previous results limited to single mode approaches [66] .
We would like to emphasise the importance of this non-perturbative approach: The usual perturbative methods cannot analyze physically interesting scenarios as, for instance, ultra-strong coupling in circuit QED [74] , or the problem of thermalization of an accelerated Unruh-Dewitt detector [55] .
The limitation of this approach is that, in practice, one is forced to apply an infrared cutoff to the field. However, an infrared cutoff naturally appears when studying quantum field theories in finite volumes (e.g., optical cavities, periodic waveguides, etc.), and so this formalism enables us to non-perturbatively solve problems of quantum field theories in curved spacetimes inside cavities, a matter of great interest that has not been thoroughly explored to date. If a tabletop experiment in which relativistic quantum phenomena is to appear, discrete systems [75] or superconducting circuits [76, 77] have an edge on experimental feasibility.
Let us briefly summarise the technique following [59] : We write the most general X-X type Hamiltonian for an arbitrary number of detectors undergoing general trajectories with different proper times τ j and with general time dependent couplings. We choose to take the quantization frame to correspond to a stationary inertial observer t. Writing the Hamiltonian that generates translations with repsect to the time parameter t in the Heisenberg picture yieldsĤ
where x j (t) is the trajectory of the j-th detector parametrised in terms of the global Minkowskian time t, and all operators are now understood to be in their Heisenberg representation. Working in this representation allows us to derive a simple, number-valued equation of motion that describes the full evolution of the detectors+field state.
Following [59] we consider the Heisenberg quadrature operators (q dj (t),p dj (t)) for each detector and (q n (t),p n (t)) for each field mode. The usual compact notation consists of stacking these operators on top of each other to form the following vector of operators, while omitting the explicit t-dependence for clarity:
are respectively the Heisenberg picture canonical position and momentum of every single oscillator. Note that the transpose operation T merely transposes the shape of an operator-valued vector; it does nothing to the operators themselves.
If we neglect phase-space displacements, a Gaussian state [78] is fully characterised by a covariance matrix σ, the entries of which are
Although in general, displacements will be required for a full description of Gaussian states and evolution, if the initial state is zero-mean Gaussian state (such as, e.g., the ground state for the detectors and the vacuum, squeezed vacuum or thermal state for the field), then the lack of linear terms in our Hamiltonian means that the state remains at zero mean at all times.
To compute time evolution, we utilise the fact that quadratic Hamiltonians preserve Gaussianity [72] . This means that quadrature operators get mapped to linear combinations of quadrature operators:
where S is a symplectic matrix of c-numbers that acts via matrix multiplication onx as a vector, whileÛ is a unitary operator that acts on the individual operators withinx. Although in general there would be a phase-space displacement term, which would givex = Sx + y, we are neglecting this as justified above.
The symplectic nature of S is guaranteed because the commutation relations must be preserved, giving rise to a symplectic form Ω to be preserved by the Heisenberg matrix action. Using the notation of Ref. [59] , Ω has elements Ω ij = −i x i ,x j . That S is symplectic means that SΩS T = Ω, which follows from requiring that the new commutation relations must be fulfilled at all times: [Sx, (Sx) T ] = iΩ. (See Ref. [59, 79] for more details.)
A general quadratic Hamiltonian generates a Gaussian unitaryÛ (t) that is associated, by Eq. (49), with a symplectic matrix S(t), which satisfieŝ
where all time dependence (or lack thereof) is indicated explicitly, andx 0 is the initial vector of quadratures at t = 0. Correspondingly, the Schrödinger evolution of the state, as given by the evolution of the covariance matrix, takes the form
where σ 0 is the initial state.
The authors of [59] find a differential equation for S(t) that represents the evolution generated by a quadratic Hamiltonian. They first rewrite a general time-dependent, quadratic, Heisenberg-picture Hamiltonian H generating time translations with respect to the time coordinate t aŝ
where F(t) is a Hermitian matrix of c-numbers containing any explicit time-dependence of the Hamiltonian. Then they rewrite the Heisenberg equation for the time evolution of the quadratures in terms of the entries of the F matrix:
which can be collected back into vector form as
Using this into Eq. (50) we get
which after some algebra yields the following first-order, linear, ordinary differential equation for the symplectic matrix:
Solving this equation with the initial condition S(0) = I such thatx 0 = S(0)x 0 is equivalent to solving the standard Hilbert space evolution with the Hamiltonian-unitary formalism.
It is common in the analysis of particle detectors in relativistic settings to write the Hamiltonian in terms of annihilation and creation operators. To quickly show how to compute the coefficients of the F matrix in that case. Let us stack ladder operators on top of each other to form the following column vectors:
The Hamiltonian from Eq. (52) can be put into the form
where w(t) and g(t) are coefficient matrices, and M H = M * T = M T * denotes the conjugate transpose of any matrix M.
By equating (58) to (52) and comparing coefficients it is easy to obtain the form of the matrix F(t), which takes the following block form:
where
Note that we derived these results using global Minkowski time t because it is the least biased time coordinate when there are multiple detectors involved. But any time coordinate can be used instead-such as some particular detector's proper time-as long as the appropriate transformation is made to the Hamiltonian as detalied in [59] .
The model developed in [59] has been successfully employed in several important scenarios in quantum field theory and relativistic quantum information, ranging from entanglement harvesting and farming [59, 38] , To the analysis of the universality of the Unruh effect in optical cavities [55] and to analyze the causality of the light-matter ninteraction models when UV cutoffs are introduced [59, 48] .
In particular, this model has been proven particularly useful in the anlysis and the predictions in situations where it is necessary to go beyond perturbation theory. This is the case of a particle detector thermalization under constant acceleration [55] , which allowed the analysis of the universality of the Unruh effect, or the proposal of the settings where field entanglement is harnessed through entanglement farming [38] . There is work in preparation using this non-perturbative approach to apply the techniques of entanglement-farming to quantum metrology [67] .
Entanglement in quantum fields

Entanglement depends on tensor-product decomposition
Generically, the vacuum of a quantum field is entangled [17, 80, 81, 82, 83] . But what does this statement actually mean? We know from results in quantum information theory that whether a state is entangled or not depends on the chosen tensor-product decomposition of the overall Hilbert space [84] .
In fact, if we choose to decompose the state space of a free scalar field in Minkowski spacetime [13] into plane-wave modes,
where L 2 (R) k is the countably infinite harmonic-oscillator state space associated with mode k, then the Minkowski vacuum |0 M is not entangled at all. In fact, it is nothing but a product state [85] :
On the other hand, if we decompose the field into a left and right half (corresponding to left and right Rindler wedges; see Section 2.1),
then the Minkowski vacuum is a tensor product of two-mode squeezed (TMS) states in pairs of Rindler modes indexed by ω [17] (see section 2.1):
whose explicit form is given in Eq. (14) . This decomposition reveals bipartite entanglement across the left-right cut.
We need not stop with a simple bipartition, however. In fact, the picture of quantum fields as a continuum limit of, for example, a bed of coupled oscillators is useful in this case. This is the standard picture when considering quantum fields for condensed matter systems [86] , and it provides an intuition for a field as having a state space decomposable into local Hilbert spaces associated to every point in physical space (i.e., on some Cauchy surface):
for bosons. Note that symmetrization is not imposed at the level of the state space but will instead be enforced explicitly by restricting the parameters in the possible representations of field states. (These constructions can be generalised to fermions as long as one is careful with all the subtleties involved in the definition of the tensor-product structure of the fermionic Hilbert space [87, 88, 89] .)
Recent results for (1+1)-dimensional quantum field theories use exactly this viewpoint: the variational ansätze of continuous matrix-product states (cMPS) [90] and the continuous multiscale entanglement renormalisation ansatz (cMERA) [91] provide a compact, analytic way of representing the state of a quantum field as a path-ordered or time-ordered exponential operator acting on local degrees of freedom at every point in space. cMPSs are most useful for representing states of massive fields [90] :
where |Ω is the tensor product of the local ground states of all local field degree of freedom (each with annihilation operator ψ(x)) at every point, Q(x) and R(x) are spatially varying D × D matrices that act on a (fictitious) auxiliary system, P exp denotes the path-ordered exponential, and tr aux denotes tracing out the auxiliary system (i.e., taking the matrix trace over the D-dimensional space on which Q and R act). For (1+1)-dimensional conformal fields, cMERA is more appropriate than cMPS because it has scale invariance explicitly built in [91] :
where K(s) is a local entangling interaction, L is a scale change operation (dilation), and T exp is the time-ordered exponential. Recall that |Ω is not the (global) vacuum of the full field; it is merely the tensor product of the ground state of each local degree of freedom. The vacuum of a quantum field therefore also admits a description in terms of Eq. (68) or Eq. (69), as appropriate to the type of field. When viewed in this way, the interpretation of the vacuum as an multipartite entangled state over the tensor product of many local degrees of freedom naturally follows.
The purpose of this subsection is to remind the reader explicitly that entanglement is only defined with respect to a (freely chosen) tensor-product decomposition of the full state space. Statements about "entanglement in the field" must therefore be understood within this context. Ref. [84] provides guidelines for choosing an appropriate tensor-product decomposition based on which laboratory observations are "easy" to do. This is usually-but not always-related to which ones can be implemented locally. On the other hand, sometimes mathematical considerations might lead one to choose a different decomposition whose physical relevance is not immediately apparent (e.g., Rindler modes or Unruh modes [17] ). In that case, one should be careful when making physical claims without first translating back to what measurements could be made on such a system.
As a particular example of this, the presence or absence of entanglement in a quantum field does not necessarily translate directly to what local observers would detect. The question of how to extract-or harvest [32] -entanglement from a quantum field using local detectors will be discussed in Sec. 6. In the rest of this section, we will examine a few examples of entanglement within quantum fields. In doing so, one should keep in mind the aforementioned caveats of physical interpretation and applicability.
Bosonic versus fermionic field entanglement in cosmology
Even when looking at the entanglement contained in quantum fields in the simple flat spacetime case, there are strong differences between the behaviour of fermionic and bosonic entanglement. These differences were already pointed out in the pioneering works on field entanglement in non-inertial frames, where it was shown that fermionic and bosonic entanglement behaves in a completely different way [92, 93, 94] . These differences were better understood and related to the field statistics through later studies [22, 23, 95, 96, 97, 98] . In [99] , the authors pointed out that there were intrinsic ambiguities related to the formalism employed in the original works studying fermionic entanglement. This comes about because all those works effected a map between fermionic field states into a bosonic Hilbert space endowed with a convenient tensor product structure. Reference [99] shows the problem and proposes an effective solution too, but it raised serious concerns about the interpretation of the previous results. Further work helped build the correct intuition [87, 88, 89] . These works allowed for a better understanding of the behaviour of correlations in non-inertial frames. This improved understanding lead to several unanticipated results. For example, (1) the fact that, contrary to believe, it is not necessarily true that higher accelerations imply degradation of field entanglement [100] ; and (2) the obtention of new and more consistent insight into the nature of fermionic field entanglement in extreme limits of high acceleration [101] .
The differences between different field statistics are also present in the phenomenon of particle creation due to the expansion of the universe in scenarios where conformal symmetry is broken. It has been previously analyzed and compared [32] the difference in the quantum correlations present in the particle creation due to the the expansion of spacetime in the case of massive bosonic [102] and fermionic [103] fields. These results were also reviewed in [32] , so in the following, we provide a short summary.
In the minimal coupling scenario, the covariant form of the Dirac equation is
We can denote particle and antiparticle solutions of momentum k in the asymptotic past, respectively, as u + in (k) and u − in (k). In the same fashion, the particle and antiparticle solutions in the asymptotic future will be denoted as u + out (k) and u − out (k). In a FLRW spacetime, the vierbein takes the form e aµ = C(η)η aµ , where C(η) = [a(η)] 2 is the conformal factor. As discussed in previous sections, given the conformal symmetry of the minimal coupling in 1+1 dimensions (up to mass terms), we can relate the Dirac equation in the FLRW scenario to its flat-spacetime form. Using this we find, as in the scalar case, that the Bogoliubov transformation between modes in the asymptotic past and future does not mix solutions of different momentum:
If we now assume a specific form for the conformal factor, the Bogoliubov coefficients can be computed. As discussed in [32] , the same form that allowed us to obtain analytical solutions in the bosonic case will not do so in the fermionic case. Instead we would need the vierbein field (and not the metric as in the bosonic case) to be proportional to 1 + tanh(ρη). This means that if we choose a form for the conformal factor given by
Compating this expression with Eq. (32), we see that the spacetime acquires exactly the same interesting properties as in the scalar scenario. It describes a process of asymptotic flatness followed by a smooth transition to fast expansion and later followed by a smooth transition to asymptotic flatness again at a larger scale factor. The asymptotic flatness at both ends allows us to define 'in' and 'out' particle states. The similarity between this spin- (22), we obtain the form of the Bogoliubov coefficients, and from them we obtain the form of the 'out' annihilation operators in terms of 'in' annihilation and creation operators, following the process detailed in [32, 103] :
where σ = ±. The polarisation tensor then takes the form
U out (k, σ) is a spinor solution of the Dirac equation in the curved background, and V (k, σ) is a flat-spacetime antiparticle spinor [31] .
If we operate as we did with the scalar case and consider 1+1 dimensions, a and regard the Dirac field a Grasmann scalar field [97] . In this case, Eq. (73) and Eq. (74) are greatly simplified [103] . With the same technique used to obtain Eq. (24), we obtain the form of the vacuum state in the asymptotic past in terms of particle and antiparticle modes in the asymptotic future demanding that the operators a in,k,σ and b in,k,σ annihilate the 'in' vacuum in the 'out' basis. This yields the following expression for the 'in' vacuum state in terms of 'out' modes:
The entanglement entropy of this state was obtained in Ref. [103] as
Both for the bosonic and the fermionic case the entropy is zero when the mass of the field vanishes, this being the result of an equivalence between minimal and conformal coupling in 1+1 dimensions. In that case the 'in' vacuum would be simply the conformal vacuum, which, as discussed above, remains invariant under time evolution.
When conformal symmetry is broken, both scalar and Dirac field modes become entangled due to the expansion of the universe. In both cases, the amount of entanglement generated in the field due to the expansion codifies information about the underlying spacetime. However, as analysed in Refs. [32, 103] , there are fundamental differences in the spectral behaviour of that entanglement. In Fig. 2 , it is shown how the entanglement depends on the momentum of the field mode for different values of the parameter ρ. For the Dirac case, entanglement peaks at a certain momentum, while for the scalar field, entanglement monotonically decreases with momentum and has its maximum at |k| = 0. In contrast to the scalar field, for the Dirac field, there is a privileged value of |k| for which the expansion of the spacetime generates a large amount of entanglement. Modes of that characteristic frequency are far more prone to entanglement than any others.
In Ref. [103] , an attempt to interpret this phenomenon is given. It is based on the fact that the optimal value of |k| can be associated with a characteristic wavelength (proportional to |k| −1 ) that is increasingly correlated with a characteristic length of the universe. Intuitively, fermion modes with higher characteristic lengths are less sensitive to the underlying spacetime because the exclusion principle impedes the excitation of very long-wavelength modes-i.e., those whose |k| → 0. For bosons, where this constraint does not exist, the entanglement generation is higher when |k| → 0. This can be intuitively explained by the fact that modes of smaller |k| are more easily excited as the spacetime expands since it is energetically much cheaper to excite smaller |k| modes. This natural emergence of a privileged mode in the fermion field is very sensitive to the expansion parameters and thus more efficiently encodes information about the underlying spacetime than in the scalar case as discussed In Refs. [103, 32] . While the expansion of the universe without conformal symmetry has been proven to generate entanglement regardless of the boson or fermion nature of the quantum field, we have seen that Dirac fields seem to codify more information about the underlying expansion, revealing that field statistics can play a key role in the way in which the expansion of the universe generates entanglement in quantum fields.
The echo of the early universe in vacuum fluctuations
It has been recently proposed that the vacuum fluctuations of a quantum field, observed by comoving observers, may contain information about the very early stages of the Universe, and that this information could be readable even nowadays. In [104] this question has been analyzed employing a toy model inspired by curved-spacetime QFT, quantum optics and relativistic quantum information [50] . Namely, [104] estimates the signatures of the early-universe spacetime background on a quantum system which was coupled to a scalar field during the early stages of the universe and whose interaction has remained switched on until our era.
In summary, in this work the authors estimate the impact that deviations from the predictions of general relativity may have on interactions that break conformal symmetry during early times (where the energy density was comparable to the Plank scale). They make use of an Unruh-DeWitt detector interaction model and evaluate the sensitivity and the memory of the detector's vacuum response to Planck-scale physics under the most conservative possible hypothesis. With this in mind, they analyze the response of such an idealised particle detector which has remained coupled to matter fields from the early stages of the Universe until today. The authors pose the question whether this detector would conserve any information from the time when it witnessed the very early Universe dynamics, encoded in its vacuum response.
Intuitively, one would think that any effect imprinted on the response of the detector in the early Universe would have been most likely washed out after the overwhelming amount of time from the Planck scale to our era. Hence, it may seem that there is little hope in finding any trace of early Universe physics in the vacuum response of the particle detector today. Consequently, the idea of looking for signatures of quantum gravitational effects on a particle detector that was coupled to matter during some interesting period of time close to the Plank scale-and then remained coupled for the entire life of the Universe-may sound, at first sight, far fetched. The authors of [104] challenge this statement.
The authors compare two different scenarios, one in which the universe dynamics is dictated by classical General Relativity (GR), with another where they adopt the effective dynamics predicted by Loop Quantum Cosmology (LQC) [105, 106, 107, 108] . Both dynamics disagree only when matter-energy densities were comparable to the Planck scale.
Note that the use of Loop Quantum Cosmology in this work is of little relevance and constitutes just a convenient means to assess the impact of a different spacetime dynamics from that predicted by GR during the early stages of the universe. Indeed, the conclusion of the paper is independent of the validity or not of LQC as a reasonable model of quantum cosmology. Even if the correct theory of gravitation does predict that there is no such thing as a spacetime geometry near the Plank scale, one would still expect that there have to be intermediate energy scales where a semiclassical theory, stemming from effective quantum corrections to Friedmann equations, would predict, for a short time, an effective spacetime geometry that deviates from GR though the effective quantum corrections, much in the same manner as post-Newtonian gravity approximates general relativity in intermediate energy scales.
As stated above, the authors compare classical General Relativity with effective Loop Quantum Cosmology. For that, they consider a spatially flat, homogeneous and isotropic Universe, ds 2 = a(t)[−dη(t) 2 + dx 2 ], with a massless scalar ϕ as matter source. The scale factor for each dynamics is [104] 
and the conformal time η in terms of the comoving time t is
Here, p = √ 12πG is the Planck length, π ϕ is the momentum conjugate to ϕ and is a constant of motion, l is a quantization parameter (in LQC the volume has a discrete spectrum equally spaced by 2l 3 units) [106, 107] , and 2 F 1 is an ordinary hypergeometric function. They consider a three-torus spatial topology, with coordinates in the interval [0, L]. For compactification scales larger than the observable Universe, this flat topology is compatible with observations [109] . The classical GR solution, a GR (t) = lim l→0 a LQC (t), displays a big-bang singularity at t = 0. In contrast, a LQC (t) never vanishes (see Fig. 3 ). LQC replaces this singularity by a big-bounce, i.e., the Universe shrinks for t < 0, bounces at t = 0, and expands for t > 0. In the limit t l On top of this background, the authors consider a conformal massless scalar field φ filling the Universe. The choice of both the coupling to curvature and the initial state of the field respond to a conservative hypothesis: As discussed in Sec 3.2, if the initial state of the field is different from the conformal vacuum, there is particle creation due to the expansion of the universe. This will be dependent on the early-universe dynamics and contribute to increase the signature on the detector. If we want to be conservative with respect to the vacuum noise signature on the detector, we have to choose as initial state the one that minimises particle creation. The most conservative hypothesis is thus to consider the state of the field to be the conformal vacuum, which remains invariant as the Universe expands [110] . The field operator isφ = n (au n + a † u * n ) with a (a † ) the corresponding annihilation (creation) operators. This Fock quantization is the only one (up to unitary equivalence) with a vacuum invariant under the spatial isometries and unitary quantum dynamics [111, 112] . In the above expression, note that n = 0. As discussed in [111, 112] , in [104] the zero mode dynamics is ignored. This is done assuming that the state of the zero mode can be kept under control. this is a subtle point deeply analyzed in [113] , where it is discussed under what circumstances this is a reasonable hypothesis. In [104] , the authors assume that the detector is not coupled to this mode, restricting the sums to n = 0. The unitary evolution and the uniqueness of the representation do not depend on the removal of a finite number of degrees of freedom. Furthermore, one can see that the coupling of the detector to the zero mode n = 0 of the field is not relevant to the effects reported in this article if considered in a 'safe' state as described in [113] . Something that can be readily seen by, for instance, introducing a small field mass or an IR regularization, or by coupling the detector to the derivative of the field instead of the field itself [114, 115] (a model that is free from IR divergencies and for which the zero mode influence can be more easily minimised [113] ). Now, the proper time of comoving observers (who see an isotropic expansion) does not coincide with the conformal time. Hence, comoving detectors actually detect particles even in the conformal vacuum [110] . This is the well-known Gibbons-Hawking effect [58] , which we analyze to identify signatures of quantum gravitational effects on the particle detector (See section 3.2).
The authors consider an Unruh-DeWitt detector stationary in the comoving frame, x(t) = x 0 , and initially in its ground state. Recall that the Hamiltonian of the coupled system in the interaction picture isĤ I (t) = λ χ(t)(σ
, where λ is the coupling strength, χ(t) is the detector's switching function, [x(t), η(t)] represents the detector's worldline, Ω is its energy gap, and σ ± are SU (2) ladder operators. Assuming a small enough λ, we can compute the transition probabilities for the detector switched on at T 0 to be excited at time T within perturbation theory:
Here, ω n = 2π L |n|, and n = (n x , n y , n z ) ∈ Z 3 .
To see how sensitive the response of the detector is to the early universe physics, we can compare the probabilities for the detector to get excited when the Universe evolves under LQC dynamics (with quantization length l) and GR (the limit l → 0 )-i.e., under the dynamics P LQC e (T 0 , T ) and P GR e (T 0 , T ), respectively. We are going to divide the integrals in two intervals. Consider that T m ∈ (T 0 , T ) is a short time sufficiently large for η LQC (T m ) ≈ η GR (T m ) + β, typically few times l 3 / p 2 . Then we split the GR and LQC integrals (both of the form (82)) into two intervals: a tiny interval t ∈ [T 0 , T m ] (comparable to the Planck sale), where LQC and GR appreciably predict different dynamics, and t ∈ [T m , T ], where both dynamics are essentially the same. This gives
The first shocking observation is that the difference of the detector's particle counting in both scenarios, which we call ∆P e (T 0 , T ), will be considerable, even for T l 3 / p 2 -that is, if we look at the detector nowadays. If we compute the difference in the particle counting of the detector in both scenarios we get
This tells us that even if
, the difference between the two dynamics during the early universe stage gets multiplied by the long time integral I GR n * (T m , T ). (88), (89), (90), (91); and for Ω p 2 /l 3 and πϕ = 1000. The detector is switched on at T 0 = 0.01 (some early time after the bounce). The variation of the response of the detector (the intensity of Gibbons-Hawking type quantum fluctuations) grows exponentially with l. Now one can study how sensitive the response of the detector is to the LQC quantum parameter l that characterises the size of the quantum of volume (l 3 ). With this aim the authors use as estimator the mean relative difference between probabilities of excitation averaged over a long interval in the late time regime ∆T = T − T late , with ∆T, T late l 3 / p 2 :
This estimator tells us the difference in magnitude between the number of clicks of the detector in the GR and LQC backgrounds. The internal averages in (86) are given by
where T l 3 / p 2 is the time resolution with which we can probe the detector. This is so because it is not possible to resolve times as small as l 3 / p 2 (roughly, the Planck scale), so any observation made on particle detectors today will necessarily be averaged over many Planck times. Moreover, in order to remove any possible spurious effects of the big differences in the scales of the problem, the authors consider a particle detector with a subplanckian energy gap Ω p 2 /l 3 . One may legitimately wonder if these practical considerations may destroy the early Universe signal. Indeed, these constraints partially erase the observable difference between the response of the detector in the two scenarios.
Remarkably, the difference between the long time averaged response of highly sub-Planckian detectors in the GR and LQC scenarios (86) remains non-negligible even under these coarse-graining conditions. As shown in Fig. 4 , the variation of the response of the detector (the intensity of Gibbons-Hawking-type quantum fluctuations) grows exponentially with the size of the quantum of length l. Notice that in this figure, several different switching functions have been employednamely, in [a] , the detector is switched on at time T 0 then the intensity of the coupling increases linearly reaching a constant value, then ramps down to zero linearly. Following function (90) , in [b], the detector is switched on at time T 0 and ramps up following an analytical switching function that quickly tends to a constant value and that decreases down to zero near the final time T in the same manner. Following function (91) , in [c] the detector is analytically swtiched on more smoothly than in the case a), being the switching function compactly supported and analytical in all its domain including t = T 0 and t = T . The scale of the ramping up and down of the switching is controlled via the characteristic time parameter δ as shown in (89), (90) and (91) . The Y-axis in these plots is expressed in units of the coupling strength λ.
where S(x) = [1 − tanh(cot x)]/2 and δ controls the ramping up. These are illustrated in Fig. 5 , As a consequence of this exponential trend, l cannot be much beyond the Planck scale or the effects would be too large nowadays. This suggests that cosmological observations could put stringent upper bounds to the size of the quantum of volume in LQC or, equivalently, to the time scale T m when the quantum dynamics corrections become negligible.
Notice that in Fig. 4 we see how the effect does not depend on the timescale of the detector's activation or the nature of the switching function [104] . It is known that in 3+1D, the sudden switching χ 1 (t) this leads to UV divergent integrals that only depend on the switching and not on the state of the field or the background geometry [116] . Nevertheless, as the authors are computing differences in probabilities of detectors with the same switching functions, their results are devoid of any such switching effect (including UV divergences). That is the reason why χ 1 (t) also produces the same results as the continuous switchings.
Although, obviously, this is a rather simplified toy model, it captures the essence of a key phenomenon: Quantum field fluctuations are extremely sensitive to the physics of the early Universe. More importantly, the signatures of these fluctuations survive in the current era.
It is important to emphasise that the use of LQC in this derivation is rather irrelevant: The authors assert that their result is far more general, and they use LQC just as a convenient example of an early Universe dynamics model different from GR. For any other model there has to be intermediate energy scales where a semi-classical theory is applicable, producing effective quantum corrections to the Friedmann equations. This will predict, for a short time, a spacetime dynamics which deviates from GR through quantum corrections. The main result in [104] prevails: The response of a particle detector today carries the imprint of the specific dynamics of the spacetime in the early Universe.
It has been recently discussed [117] that the violation of the strong Huygens effect (see [118] ) in curved spacetimes can give raise to the propagation of information within the timelike region of the light cone even if the field through which information propagates is a massless one. Inspired by the results on entanglement harvesting and relativistic quantum communication [37, 48, 77, 117] , current research derived from the results summarised above [104] aims toward extending this methodology to further explore this combination of cosmology and quantum information-in particular, to study the bounds to optimal transmission and recovery of information propagated through cosmological catastrophes such as the Big Bang, inflation or a quantum bounce [119] .
Entanglement harvesting
Violating Bell inequalities in vacuum
As discussed in Sec. 4, the vacuum of a quantum field is entangled with respect to local degrees of freedom. But in that section it was also stressed that the presence or absence of entanglement does not necessarily dictate observable effects of laboratory experiments. In 2003, Reznik [120] bridged this gap by showing that field entanglement can be extracted by local quantum systems interacting with the field in a spacelike separated way. In that proposal, two quantum systems (qubits) begin in their respective ground states and interact with the field locally for a short time. These interaction events are spacelike separated to ensure that any entanglement obtained has been swapped from the field (since entanglement cannot be increased solely by local operations and classical communication [121] ).
Having established that entanglement can be harvested from quantum fields a natural next question to ask is, "What can it be used for?" Reznik and coauthors showed in 2005 [37] that harvested entanglement admits a practical use-in particular, demonstrating violation of a Bell inequality. While not particularly useful for any application, this result at least established that naturally occurring field entanglement is "real" entanglement in the sense of demonstrating a testable violation of local causality [122] . Subsequent work showed that this entanglement is sensitive to many parameters-sometimes highly so. These include the background spacetime and state of the field [123] , the type of field [124] , and the relative separation and state of motion of the detectors [125] . While each of these results suggests a potential application, none of them is immediately practical. One of the main problems is the exceptionally small amount of entanglement that can be harvested under the condition of spacelike separation.
Having the detection events spacelike separated was useful as a foil for skeptics who might wonder if the entanglement in the field is really being harvested or if the field is simply a medium for performing a nonlocal operation, which directly prepares an entangled state. If it were the latter, then the question of the physicality of a field's vacuum entanglement would remain open. This physicality already having been established by previous results with strict spacelike separation [120, 37] , further applications of entanglement harvesting might wish to relax the condition of spacelike separation in order to boost the strength of the quantum correlations to detectable levels.
One particularly promising method of entanglement harvesting represents an evolution from a hunter-gatherer approach to an agricultural one: In so-called entanglement farming [38] , pairs of detectors interact sequentially with a field in a cavity, each for a short time (but not spacelike separated), harvesting entanglement and also modifying the field state as each one does so. Eventually, the field state reaches a (long-time meta-stable) fixed point from which additional detector pairs will harvest entanglement at a constant rate, each one exiting the cavity in the same state. This fixed-point state is robust to small perturbations in the initial conditions, justifying it being called 'farming'. Inspired by the results from Ref. [125] that show that harvested entanglement is highly sensitive to distance, this farming approach was adapted in recent work [67] to serve as a "quantum seismograph" capable of detecting vibrations of the enclosing cavity through a change in the harvested entanglement. The rest of this section summarises recent progress in these directions.
Entanglement harvesting with qubit detectors
To date, in all entanglement-harvesting scenarios using qubits as detectors [120, 37, 123, 124, 125] , results are obtained using an Unruh-DeWitt coupling, Eq. (42), between the field and detector. The detectors have identical energy gaps Ω and are assumed to have identical switching functions χ(τ ) [see Eq. (42)], which time-dependently moderate the overall Unruh-DeWitt coupling strength λ 1 as a function of proper time τ . In the next two subsections, the switching function is taken to be a Gaussian with standard deviation σ L, where L is the separation between the detectors. Therefore, the detection events are not strictly spacelike separated, although the nontrivial part of the detection events are so.
Applying the positive partial transpose criterion [126] , which is necessary and sufficient to prove separability of two qubits [127] , to the reduced density matrix of the detectors, one can show that the detectors are entangled if and only if [37, 123, 125] |X| > A ,
where A is the probability of exactly one of the detectors to be excited, and X is an off-diagonal term in the density matrix that corresponds to a Casimir-like effect [117] between the two detectors. This is sometimes referred to as an amplitude for exchange of virtual particles between them [37] . Up to O(λ 2 ), these are explicitly
and
where D + (x; x ) = φ(x)φ(x ) is the Wightman function for the field φ. In the case of the Minkowski vacuum, this is given by Eq. (3.59) of Ref. [13] :
and we set → 0 + at the end of all calculations. (For other spacetimes and/or other field states, this has a different form [123, 124, 125] .) Note that the Wightman function as used in X contains the trajectories for both detectors, x a (τ ) and x b (τ ), while A only makes use of a single detector's trajectory, applying equally well to either x a (τ ) or x b (τ ), due to symmetry.
The differences in the harvested entanglement result from different detector trajectories [captured in x (a,b) (τ )] and different field states and background spacetime [captured in D + (x; x )]. In all cases, the authors assume a massless, conformally coupled scalar field in (3+1)-dimensional spacetime.
Entangling power of an expanding universe
Starting from the discovery by Reznik that entanglement can be harvested from a field by local detectors [120] and used as a resource [37] , Ver Steeg and Menicucci in 2009 proposed to detect expansion of the universe through its entanglementharvesting signature [123] . This was interesting because it proposed to link a usable quantum information-theoretic resource (harvested entanglement) with an aspect of general relativity and cosmology (de Sitter expansion).
The authors consider two detectors on comoving trajectories (and therefore inertial) in a de Sitter universe with expansion rate κ. Each detector perceives thermal radiation identical to the response that would also be obtained if the spacetime were Minkowski and the field had just been heated up to an actual thermal state in some rest frame, with both detectors at rest in that same frame. As such, a single inertial detector cannot distinguish an empty but exponentially expanding universe from a heated one that is not expanding. The authors proceed to show that when the detectors are used together to harvest entanglement, however, there is a detectable difference that can be used to distinguish the two cases.
For the expanding case, a conformally invariant setup (conformal field and conformal vacuum) was chosen for calculational simplicity, but this also has a physical significance as not producing any actual particles if the expansion were to cease later on (see Sec. 2.2). In this way, it is the most conservative choice in terms of minimal particle production. More recently, Nambu [124] showed that minimal coupling instead of conformal coupling leads to a very different entanglement-harvesting profile. Since minimal coupling is used in many inflationary models [10] , this is an important case to consider. In what follows, we just summarise Ref. [123] and refer the reader to Ref. [124] for more details on the minimally coupled case.
It should be noted that the conformal vacuum also coincides with the massless limit of the adiabatic vacuum for de Sitter spacetime [13] . Thus, the physical setup is equivalent to the following two modifications of the Minkowski vacuum: (1) very slowly heating the universe to a temperature T , and (2) very slowly ramping up the de Sitter expansion rate (from zero) to a final value of κ, with T = κ/2π. In both cases, the detectors are activated only long after this smooth transition is complete, and each detector responds as if it were bathed in thermal radiation in its own rest frame. The Gibbons-Hawking effect [19] is used to link the perceived temperature in the de Sitter case with the actual temperature in the thermal case so that access to one detector alone cannot distinguish the two cases.
Using detectors as in Sec. 6.2 above, the regions in parameter space for which entanglement harvesting is possible by comoving detectors in the three cases of expanding, heated, and the Minkowski vacuum (T → 0 limit of the other two) can be found either numerically [123] or analytically using a stationary phase approximation [124, 125] . For the expanding case, entanglement can be harvested if and only if
In the case of a thermal Minkowski universe, the condition for entanglement harvesting is The boundary for the Minkowski vacuum can be found by taking the κ → 0 limit of either of these:
These regions are shown in the left plot of Fig. 6 . Notice that there exists a region of parameter space in which a heated universe entangles the detectors while an expanding universe at the same perceived temperature does not. As such, the two types of universes can be distinguished by their "entangling power" with respect to local inertial detectors.
In both the thermal Minkowski and de Sitter vacuum cases, the region of entanglement is a proper subset of that of the Minkowski vacuum case. In the thermal case, this is expected because the thermal state has higher entropy, but this is somewhat surprising for the expanding case since the state is still a type of vacuum.
For the expanding case, we consider the behavior of the entire system in conformal time rather than in the detectors' proper time. Since the field is conformally invariant, the modes behave like ordinary Minkowski modes with respect to conformal time [13] . To be resonant with these modes, a detector would need to have a fixed resonance frequency in conformal time, which has the same dynamics as those of a detector with a changing frequency in proper time. Were the detectors tuned in this nonstandard way, one could recover all the entanglement of the Minkowski vacuum (simply by being resonant with the same modes in conformal time rather than ordinary time). Ordinary detectors, however, have a fixed frequency in proper time, which corresponds to a time-varying frequency with respect to conformal time. Therefore, the detectors are time-dependently sweeping in and out of resonance with individual Minkowski modes due to the expansion. This effect gives rise to greater noise (i.e., larger A) in each detector due to the counter-rotating terms in the Unruh-DeWitt coupling, Eq. (42) , and this acts to reduce the harvested entanglement.
Notice that the difference between the expanding and thermal cases only really shows up when Lκ > 1, which is precisely when the detectors are separated (L) by more than a cosmic horizon distance (κ −1 ). Thus, the detectors cannot communicate with each other to verify their entanglement, nor can they use the entanglement for quantum teleportation or long-distance quantum communication with each other since teleportation still requires classical communication of local measurement results [128] . Imagine, however, that the detectors are mounted on satellites that can communicate with a "home planet" half-way between them. Assuming many repetitions of (attempted) entanglement harvesting, followed by a local measurement protocol to verify separability or entanglement, which is always possible [129, 130] , classical data can be sent to this home planet for verification. Furthermore, given an initial source of entanglement between the home planet and each satellite separately, any entanglement harvested from the quantum field could be swapped via teleportation back to the home planet [128, 131] . This method of remote entanglement harvesting is impractical since the harvested entanglement is way too small [123] , but the thought experiment shows that in principle the existence of this entanglement is verifiable since it can be used as a quantum information processing resource back on the home planet.
Acceleration-assisted entanglement harvesting and rangefinding
There is an elegant mathematical connection between Gibbons-Hawking radiation [19] and the Fulling-Davies-Unruh effect [15, 16, 17] , so a natural question to ask is what happens if we try to do entanglement harvesting using accelerated detectors through the Minkowski vacuum. Salton, Mann, and Menicucci [125] tackle this question, with rather surprising results.
The premise of that work [125] is simply to replace inertial trajectories with uniformly accelerated ones. The authors choose two cases: parallel and anti-parallel acceleration (of the same magnitude for both detectors):
where the minus/plus signs refer to anti-parallel/parallel trajectories, respectively illustrated in left/right panels of Fig. 7 . Importantly, and in contrast to previous work [132, 13, 17] , the Rindler wedges (for each observer) in the anti-parallel case do not necessarily share a common apex. Instead, they could be closer (as shown) or further apart. The distance of closest approach of the detectors, as measured by an inertial observer at fixed x, is L.
The switching functions and all other parameters and methods are the same as in Sec. 6.2. To calculate A and X, the authors use complex analysis, shifting the integration contours in the imaginary direction and using the stationary phase approximation. This reveals that in the case of parallel acceleration, entanglement can be harvested if and only if
Curiously, this is the exact same condition as that of de Sitter expansion, Eq. (96), and thus the entangling region is already shown in the blue region of the left panel of Fig. 6 .
The anti-parallel case turns out to have a much richer structure. While A is the same as in the parallel case, X turns out to be much more complicated. It includes additional contributions from poles that are crossed when shifting the contour (as described in the parallel case). Furthermore, there is one prominent feature (entanglement resonance, described below) that gets missed when employing the stationary phase approximation; numerical integration is required in the vicinity of a narrow corridor in parameter space. These features together mean that no simple inequality suffices to describe the entanglement profile in parameter space of the anti-parallel case. Instead, the results are simply shown in the right panel of Fig. 6 , which also contains the outline of the boundaries of the regions shown in the left panel for reference. There are four main features of interest in this case, which we describe presently.
(1) Enhancement of harvesting over inertial detectors The first region of interest is the part of the entangling region that extends below the limit for inertial detectors (green line). This feature has a curious physical interpretation. Two inertial detectors in Minkowski spacetime separated by L 2σ
2 Ω-i.e., just below the green diagonal line in the right panel of Fig. 6 -cannot harvest entanglement. But if they were to fly in toward each other from spatial infinity, all the while accelerating in the opposite direction and eventually retreating back to infinity, there exist resonance frequencies such that they could harvest entanglement even if their distance of closest approach L is larger than 2σ
2 Ω. Notice that we do not have to physically bring the detectors closer together than the original L in order to entangle them; the anti-parallel acceleration is sufficient to nudge them into an entangling regime in parameter space.
Note that in the limit of no acceleration, κ → 0, the minimum values of L and Ω required to see this enhancement would both become infinite, which is impossible. Therefore, the inertial condition for entanglement (L < 2σ
2 Ω) becomes the appropriate one for all practical purposes in this case, which is a good consistency check.
(2) Entanglement resonance The orange line in the right panel of Fig. 6 represents a critical distance
associated with resonance frequency Ω such that the coherence term X → ∞. This indicates a breakdown in perturbation theory (since the density matrix is no longer positive), which the authors interpret as being due to a resonance effecti.e., the field inducing a strong dynamical effect on the detectors when they have those particular parameters, possibly allowing for a large amount of entanglement to be harvested. With the analysis limited to second order perturbation theory, the authors leave verifying this hypothesis to future work.
The existence of a resonance in the anti-parallel case is not in itself surprising, considering the Unruh effect can be considered to be a result of two-mode squeezing between field modes isolated to left and right Rindler wedges [17] , as shown in Sec. 2.1. One would expect that appropriately arranged detectors might be resonant with the twomode-squeezed modes and thereby harvest a large amount of this Rindler entanglement. What the usual formalism suggests [13, 17] , however, is a natural relationship between L and κ so that the asymptotes associated with the two trajectories all meet at a single point and form a single set of Rindler wedges. This occurs when Lκ = 2, but the authors of Ref. [125] do not restrict to this case. In fact, there is a resonance effect at Lκ = 2 only if κσ 2 Ω = π 2 . In addition, however, there is also a resonance effect for any Lκ < 4 if one chooses an appropriate Ω. That such a resonance occurs for a wide range of separations is surprising and demonstrates that the interplay between the detectors and the field entanglement is nontrivial.
(3) Causal residue contribution As mentioned above, evaluating X involved residue contributions from poles crossed when shifting the integration contour. There are two distinct types of residue contributions. The first type is a contribution that is largest for small Lκ and vanishes when Lκ > 2. Due to this behavior, the authors suggest that the residue contribution in this region may arise from causal dynamics. This contribution can be seen as the curved "bulge" in entanglement on the left-hand side of the right panel of Fig. 6 . When Lκ < 2, the infinite tails of the Gaussian switching function guarantee that the detection events have a causal overlap despite the fact that the interaction strength of at least one of the detection events is extremely weak in that overlap region. Although the interaction is very weak, the long interaction time with the underlying field could give rise to a nontrivial contribution to X that is comparable to (or even greater than) the residue-free portion.
Specifically, the authors suggest that a detector's interaction with the field for a long time in the infinite past may produce a large effect concentrated near the lightlike past asymptote of that detector's trajectory that is felt by the other detector (as a contribution to the coherence term X) as the second detector crosses the future extension of that asymptote. Additional effects generated by exchanging the detectors and by considering the time-reversed process contribute similarly.
The net result of these processes is a nontrivial contribution to the coherence term X, which indicates that the detectors "feel each other's presence" due to the long tails of the Gaussian and overlapping wedges.
(4) Noncausal residue contribution Even as the causal residue contribution discussed above vanishes as Lκ > 2, a second residue contribution takes over for those greater distances-but only when κσ 2 Ω > π 2 . This means that there exists a nontrivial residue contribution for purely spacelike separated detectors (Lκ > 2) but only for certain choices of the other parameters.
To interpret this contribution, the authors note that the effect is strongest near Lκ 2 and argue that this is evidence that the detectors may be feeling the effects of the entangled Rindler modes [17, 13] . Notice that if Lκ 2, the detectors will be nearly resonant with the Rindler modes that are two-mode squeezed [17, 13] . The trajectories align perfectly as Lκ → 2 + . The fact that this contribution, mathematically, cuts off sharply as soon as Lκ < 2 also suggests that the infinite tails may play a role in this effect.
Because the methods used to calculate X in Ref. [125] rely on the switching function being analytic, further work will be required to determine which of these effects survive if the window functions are made strictly compact in proper time.
Rangefinding The authors of Ref. [125] suggest several means by which entanglement harvesting could-as a thought experiment-be used to measure the distance of closest approach between two detectors undergoing antiparallel acceleration. The basic idea is to tune the detector parameters such that they are in a regime where the harvested entanglement changes rapidly with small changes in L. There are several possibilities for this. The first is the resonance (orange line in Fig. 6 ), for which the resonance effect is in an extremely narrow region in L around the critical distance, Eq. (102) . In fact, the sign of X changes in this region, which can be detected as a flip from correlation to anticorrelation in particular joint Pauli measurements. Another proposal is to use the steep gradient in the entanglement in the causal residue portion to detect distance. Finally, the authors propose detecting the sudden onset of entanglement in the noncausal residue portion if the detectors satisfy Lκ 2.
All of these approaches would require many trials where the distance would be varied slightly in each run. While these are not practical approaches due to the tiny amounts of entanglement and long distances involved, they inspired the results described the next section, which employ entanglement farming [38] to detect vibrations in a cavity enclosing the quantum field being farmed [67] .
Entanglement farming and quantum seismology
Making use of to the non-perturbative tools developed in Ref. [59] , the authors of Ref. [38] showed that it is possible to build sustainable entanglement sources taking advantage of the build-up of relativistic effects-even in non-relativistic settings-in a reliable and experimentally accessible way. In particular, they showed that in certain generic circumstances the state of light of an optical cavity traversed by (non-relativistic) beams of atoms is naturally driven towards a nonthermal metastable state. This state can be such that successive pairs of unentangled particles sent through the cavity will reliably emerge significantly entangled, thus providing a renewable source of quantum entanglement [38] . This entangling fixed-point state of the cavity is reached for the most part independently of the initial state in which the cavity was prepared.
This suggests that entanglement 'farming'-i.e., driving the field state to a fixed point through repeated interactions with local systems-can be implemented in a broad class of quantum systems. Reliable and repeatable production of entanglement should be also possible in other experimental settings. Namely, instead of successively temporarily coupling pairs of particles to a cavity field, one may successively temporarily couple pairs or triplets, etc., of qudits to a suitable reservoir system. The qudits and the reservoir system could have any arbitrary physical realization, even outside quantum optics if the settings described are studied non-perturbatively.
The intuition behind rangefinding from accelerated detectors [125] combined with the more practical techniques of entanglement farming proposed in Ref. [38] leads to a proposal for quantum seismology [67] . In particular, it is possible to modify the entanglement farming techniques to build ultra-high-precision vibration sensors by finding suitable points at which the fixed point of the entanglement farming protocol can be made highly sensitive to perbations such as the vibration of the optical cavity walls or the passage of a gravitational wave. This makes the setup useful for ultraprecise detection of vibrations. This quantum entanglement-farming based metrology setting has been called a quantum seismograph by the group of researchers developing it [67] .
Given that it has been shown that the phenomenon of entanglement harvesting is sensitive to the spacetime background [123, 124] and detector motion [125] , it should be interesting to study these 'quantum seismograph' settings in terms of their sensitivity and noise tolerance in order to detect gravitational waves (slight perturbations of the spacetime metric) [67] .
Conclusion
All of these results point to an exciting interplay between quantum entanglement and cosmology, with many more insights yet to come. The fact that we can study entanglement in the fields themselves (through Bogoliubov transformations) and also with detector-based methods allows one to obtain physical insights using complementary perspectives. Recently developed nonperturbative detector models bring a new set of tools to the table and allow us to study these effects even in cases of strong coupling or other interesting non-perturbative regimes, such as the problem of equilibrationthermalization in quantum field theory.
While directly testing most predictions of curved-spacetime quantum field theory, including nearly all of the effects discussed in this work, may arguably be prohibitive, analogue models [133, 134] provide a means to test many of these effects in a laboratory setting [32] . More clever proposals for direct testing may yet lead to experimental discoveries on par with recent discoveries related to cosmic inflation [11] . In either case, we hope the reader will find that the results presented here provide both intuition and concrete results into the fascinating connection between cosmology, quantum field theory, and relativistic quantum information.
